A comparative study on the room temperature ferromagnetism of Co doped ZnO and CeO 2 bulk samples is presented. Co-ZnO system has been observed to switch between ferromagnetic and paramagnetic by controlling the donor defects, interstitial zinc: Zn i . On the other hand, Co-CeO 2 is always ferromagnetic. However, ferromagnetism increases/decreases with increase/decrease in donor defects, oxygen vacancies: V O . Systemic structural, magnetic, and transport analyses reveal that the nature of donor defects and host oxide plays a vital role in establishing ferromagnetism. This study provides an insight into the underlying mechanisms that are responsible for the ferromagnetism in Co-ZnO and Co-CeO 2 . Moreover, the proposed mechanisms are supported by the electronic structure of magnetic impurity ions and defects.
I. INTRODUCTION
The ongoing quest to fabricate ferromagnetic ͑FM͒ semiconductors with T c Ͼ 300 K well above room temperature has promoted the intensive study on the transition metal doped oxides. However, the observed room temperature ferromagnetism ͑RTFM͒ of dilute magnetic oxides ͑DMOs͒ has not yet been understood completely. Some of the DMOs are found to be FM dielectrics/insulators.
1 Therefore, the operative mechanism for RTFM in such a material must in some way be different from other magnetic semiconductor materials. Below the cation percolation threshold x p in DMOs, 2 determining a particular mechanism needs complete information about the structural, magnetic, and transport properties of the material. In order to understand the underlying mechanism behind RTFM in DMOs we studied Co-ZnO and Co-CeO 2 . The selection of such systems provides a better contrast for the clear understanding of the role of dopants and the host material because Co doping does not provide carriers in the case of ZnO, whereas in CeO 2 it does due to different oxidation states of Co ͑2+͒ than Ce ͑4+͒. Some properties and parameters are listed in Table I . The aim of the presented work was to further probe the relation among types of host oxides, nature of defects ͑interstitials: Zn i , oxygen vacancies: V O ͒, and magnetic exchange mechanisms responsible for ferromagnetism in DMOs: both semiconducting and insulating.
II. EXPERIMENTAL DETAILS
Bulk samples of Co-ZnO with Coϳ 5% were prepared by a two-step method described elsewhere, 3 annealed in the presence of Zn vapors ͑labeled as Zn i treated͒ to introduce Zn atoms interstitially. Besides, bulk samples of Co-CeO 2 with Coϳ 3% were fabricated by standard solid-state reaction method ͑calcinated at 1300°C for 10 h in air͒ and were then annealed in the presence of mixture of H 2 / Ar ͑1:9͒ at 600°C for 2 h ͑labeled as H 2 treated͒. We carried out structural, magnetic, and transport measurements with x-ray diffraction ͑XRD͒, x-ray photoelectron spectroscopy ͑XPS͒, superconducting quantum interference device ͑Quantum Design͒, LakeShore vibrating sample magnetometer, and Quantum Design physical properties measurement system. Figure 1A shows the XRD patterns for Co-ZnO ͓͑a͒ and ͑b͔͒ and Co-CeO 2 ͓͑c͒ and ͑d͔͒ as a function of sample condition: as prepared shown in Figs. 1A͑a,c͒ and Zn i / H 2 treated shown in Figs. 1A͑b,d͒. The wurtzite structure of Co-ZnO and fluorite structure of Co-CeO 2 confirm that Zn i / H 2 treatment has no significant effect on the Co doped ZnO/ CeO 2 matrices. XPS spectra of Co 2p for Co-ZnO and Ce 3d for Co-CeO 2 samples, were analyzed to extract information of the oxidation states of Co and Ce ions. Co 2p doublet and their shake-ups are shown in Fig. 1B͑a In order to investigate the effect of donor-type defects and host oxide, we measured RT magnetization hysteresis loops for Co-ZnO and Co-CeO 2 samples: as prepared ͓Fig. 2͑a͔͒ and Zn i / H 2 treated ͓Fig. 2͑b͔͒. Co-ZnO shows paramagnetic ͑PM͒ behavior in as-prepared state; however, with the introduction of Zn i , the samples become FM. For unsaturated magnetization loops, in order to quantify the magnetic parameters ͑e.g., FM saturation magnetization M FM S , remanence M FM R , intrinsic coercivity H ci ͒ we used the following fitting function made up of a FM and a PM part:
III. RESULTS AND DISCUSSION
First and second terms represent a FM hysteresis and a possible PM contribution, respectively. The parameters obtained for Co-ZnO and Co-CeO 2 samples are summarized in the Fig. 2͑c͒ . The Hall effect measurements give n-type majority carriers in Zntreated Co-ZnO samples. Figure 2͑d͒ shows the carrier density versus temperature for Zn i -treated Co-ZnO. The activation energy ͑E B ͒ 23 meV is obtained linear fit of the data to n e −͑T͒ = n O e ͑E B /k B T͒ where n O is the carrier density at high T. While for the Co-CeO 2 case, although the expected improvement of magnetism is observed with H 2 treatment, to our surprise, insulating behavior still persists in H 2 -treated Co-CeO 2 sample at RT. This shows that there are presumably no electrons in the conduction band.
For FM/semiconducting Co-ZnO samples, we refer to Coey's model of bound magnetic polarons ͑BMPs͒ where the defect ͑Zn i ͒ and the electron associated with it are hydrogenic atoms.
2 In such a system when the donor density increases, an impurity band formation takes place. This impu- 2 The localization radius of the F-electron orbital is of the order of a 0 , where a 0 is the Bohr radius and is the dielectric. The estimated value for F-electron orbital in CeO 2 ͑ =26͒ is 14 Å. In accordance with FCE, Co concentration ͑ϳ3%͒ is not sufficient to produce a net magnetization in each F-center radius; thus the magnetization is smaller for as-prepared sample ͑0.02 B / Co͒. However, in H 2 -treated sample, for a certain critical value of V O ͑oxygen vacancies are more likely to occur near the Co sites͒ the magnetic percolation takes place ͑see Table I͒. Due to the deep level formation of F center, 2 d electrons of the Co are coupled through FCE mechanism and majority of the Co spins are aligned parallel, leading to an increase in magnetization ͑1.24 B / Co͒ in H 2 -treated CeO 2 samples. In the electronic structure model for Co-CeO 2 , we speculate that Co forms a deep level in the CeO 2 band gap, and due to the deep level formation of F center ͑singly trapped electron V O ͒, d electrons of the Co are coupled through FCE mechanism can then lead to long-range ordering in our samples even in the absence of itinerant carriers. This also explains the high values of resistivity of bulk asprepared and H 2 -treated Co-CeO 2 samples.
In order to further verify the role of donor defects ͑Zn i , V O ͒ in establishing the FM coupling "reverse" experiment was performed. If our assumed mechanisms are valid, then changing donor defect density ͑Zn i , V O ͒ in these oxides must remarkably affect magnetic behavior. Indeed, annealing Zn-treated sample in air transfers the FM state back to PM ͑and insulating͒ state similar to as-prepared sample as shown in Fig. 3͑a͒ . Similarly Fig. 3͑b͒ 
